We investigated the differential role of diphenyleneiodonium (DPI), which is widely used as an inhibitor of NADPH oxidase, on the activation of cell cycle regulators in the cell cycle progression. DPI efficiently blocked the transition from G 0 /G 1 to S phase by serum stimulation in quiescent HCT-116 (wild-type p53) and HL-60 (null p53) cells. Concomitant with G 0 /G 1 arrest, HCT-116 cells treated with DPI resulted in strong and sustained upregulation of p53 and p21. p53-or p21-deficient HCT-116 cells using a small interfering RNA (siRNA) significantly increased the progression into S phase by stimulation of DPI, compared with DPI alone. However, the silencing of p53 resulted in more efficient transition into S phase than the silencing of p21 siRNA and significantly inhibited p21 upregulation by DPI stimulation. Interestingly, brief exposure to DPI did not change p53 expression, but showed transient upregulation of p21 and G 0 /G 1 arrest. These results suggest that p53 upregulation sustains G 0 /G 1 cell cycle arrest and p21 upregulation by DPI stimulation in HCT-116 cells. In HL-60 cells, DPI also induced p21 upregulation in a p53-independent manner and the increase of p21 expression seems to be regulated by DPI-mediated ERK activation. Cyclin D1 expression was not significantly affected by DPI treatment in HCT-116 cells. However, in HL-60 cells, DPI irreversibly impaired cyclin D1 upregulation by serum stimulation and a much greater fraction of cells arrested in G 0 /G 1 was observed in HL-60 cells than in HCT-116 cells at 24 h after brief DPI treatment. These results suggest that cyclin D1 is an important regulatory factor in the inhibition of cell cycle progression by DPI in HL-60 cells.
Introduction
Diphenyleneiodonium (DPI) irreversibly inactivates flavoprotein-containing systems including NADPH oxidase (1, 2) , nitric oxide synthase (3), cytochrome P450 reductase (4) and other oxidoreductases (5) (6) (7) . Electron transport through the flavin moieties of these flavoenzymes causes reduction of DPI to its diphenyleneiodonyl radical form, followed by covalent phenylation of either the flavin or the adjacent amino acid and heme groups of the proteins (8, 9) . Despite its nonspecific mode of action, DPI has been used extensively to block reactive oxygen species (ROS) generation mediated by NADPH oxidase in various cell types (2, 10, 11) , where the resultant oxidants are proposed to play a role in cell signaling in mitogenesis and cell proliferation (12, 13) .
Some studies have shown that ROS have dose-dependent effects on cell cycle progression by modulating cyclin D1 expression (14, 15) . Recently, Nox1, NADPH oxidase homologue, has been reported to promote proliferation in murine epithelial C10 cells by sustaining expression of cyclin D1 under serum-starved conditions. Moreover, DPI markedly inhibited the induction of cyclin D1 needed for cell cycle re-entry through inhibition of Nox activity (16) . However, DPI was also reported to affect cell cycle-mediated proliferation in a ROS-independent manner and this antiproliferative effect of DPI correlates with its ability to impair cyclin B1 (17) .
More recently, DPI was also found to induce the expression of p53 in a ROS-independent manner (18). p53 can direct the cellular machinery towards cell cycle delay and apoptosis (19, 20) . The main effector of p53-mediated cell cycle arrest is the p53 target gene, p21, which is known to be an inhibitor of cyclin-dependent kinases (21) (22) (23) . However, DPI has also been reported to decrease p21 expression with activation of p53 in quiescent human fibroblast cells (24) . Likewise, mechanistic information available on DPI-induced inhibition of cell cycle progression is still controversial and limited, although some studies on the anti-proliferative effect by DPI have been reported.
The present study was undertaken to define the role of cell cycle regulators such as p53, p21 and cyclin D1 in the inhibition of cell cycle progression by DPI. In this study, we used two cancer cell lines that exhibit differential regulation in the induction of cell cycle regulators by DPI. We show that the inhibition of transition from G 0 /G 1 to S phase by DPI is regulated in a p53-dependent or -independent manner depending on cell type. We further demonstrate that DPIinduced p53 expression is associated with the maintenance of G 0 /G 1 arrest and p21 upregulation rather than with their initiation.
Materials and methods
Reagents. DPI, propidium iodide (PI), protease inhibitor cocktail, trypan blue (0.4%), U0126 and dimethyl sulfoxide (DMSO) were purchased from Sigma-Aldrich Chemical Co. (St. Louis, MO). Anti-p53, p21, ERK, p-ERK and ß-actin antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-cyclin D1 antibody was obtained from Cell Signaling Technology (Beverly, MA). The secondary horseradish peroxide (HRP)-conjugated antibody and the enhanced chemiluminescence (ECL) Western blotting kits were obtained from Amersham Pharmacia Biotech (Piscataway, NJ). Fetal bovine serum (FBS), HBSS and other tissue culture reagents were purchased from Life Technologies (Gaithersburg, MD).
Cell culture and serum deprivation. Human colorectal cancer cell line HCT-116 and promyelocytic leukemia cell line HL-60 were grown in DMEM and RPMI-1640 medium, respectively, supplemented with 10% FBS and antibiotics (100 U/ml penicillin, 100 μg/ml streptomycin) at 37˚C in a 5% CO 2 atmosphere. To maintain reproducibility, confluent HCT-116 cells were subcultured according to standard protocol with 0.01% trypsin-EDTA. To synchronize cells at the G 0 /G 1 phase by serum deprivation (25) , HCT-116 and HL-60 cells were incubated in the appropriate medium, with 0.5% FBS for 48 h, before 10% FBS was added to induce the cells to re-enter the cell cycle. DPI was dissolved in DMSO prior to addition to the cultures. As a control, an equal amount of DMSO (<0.03%) was added to untreated cells.
Evaluation of cell viability. For cell viability and proliferation analyses, HCT-116 and HL-60 cells were plated at 1x10 5 cells per 60-mm dish. HCT-116 cells were further incubated for 12 h. The cells were then cultured in the presence or absence of different concentrations of DPI in fresh medium supplemented with 10% FBS and collected at 24 h after DPI treatment. Cells were resuspended in the appropriate medium and viable and dead cells were counted by the trypan blue dye exclusion method using a hemocytometer, as previously described (26) .
Flow cytometric analysis of DNA content for cell cycle distribution. Cells (1x10 6 cells/well) were cultured in 6-well plates in medium containing 10% FBS, then treated with or without 10 μM DPI for different times and analyzed by flow cytometry as previously described (26) . Briefly, the cells were harvested, washed and fixed with 70% ethanol/PBS at 4˚C. Then, the fixed cells were incubated with 0.5 ml PBS containing 20 μg/ml RNase A for 30 min at 37˚C and stained with 50 μg/ml PI for 30 min before analysis with a FACSCalibur™ flow cytometer (Becton-Dickinson, San Jose, CA). A minimum of 10,000 cells per sample were counted and the DNA histograms were further analyzed by CellQuest Pro (Becton-Dickinson) and Modfit (Verity Software House, Topsham, ME) software to estimate the percentage of subdiploid DNA at each phase of the cell cycle (27) .
Western blot analysis. Equivalent amounts (20 μg) of total proteins were loaded onto 12% SDS-polyacrylamide gels for electrophoresis. The proteins were then transferred onto a nitrocellulose membrane using an electroblotting apparatus (Bio-Rad, Richmond, CA) and the membranes were incubated with each primary antibody. Blots were washed with TBS-T and incubated with an HRP-conjugated secondary anti-rabbit antibody. The membranes were developed with the ECL reaction system and visualized using the LAS-3000 Luminescent Image Analyzer (FujiFilm, Tokyo, Japan). We used ImageGauge Ver. 3.0 software to calculate changes in protein expression. ß-actin was used as an internal control to monitor equal protein sample loading. Transfection of siRNA. To evaluate the role of p53 and p21 in the inhibition of cell cycle progression by DPI, we performed gene silencing assays (18). Briefly, we used 21-nucleotide duplex siRNA sequences targeting human p53 and p21 RNA, designed to knockdown human p53 and p21 gene expression (Dharmacon, Lafayette, CO). At 12 h after plating, cells at 30% confluence were transfected with p53 or p21 siRNA using DharmaFECT ® Duo transfection reagent plus DMEM or RPMI-1640 medium according to the manufacturer's instructions for 48 h. The cells were then serum-starved for 48 h and incubated with 10 μM DPI or vehicle for another 24 h.
Statistics or reproducibility.
Each experiment was repeated at least three times. Data were expressed as the means ± SE from each independent experiment. The data for the experimental and control groups were tested for statistical significance by a one-tailed Student's t-test, with P<0.05 accepted as the level of significance.
Results
Effects of DPI on cell viability and proliferation. We first evaluated the effect of DPI, a flavoenzyme inhibitor, on viability and proliferation of HCT-116 (Fig. 1A) and HL-60 (Fig. 1B) cells. Cells were treated with various concentrations of DPI (2.5, 5, 10, 20 and 40 μM) for 24 h, and direct cell counts were determined by trypan blue dye exclusion at the end of each treatment. A dose-dependent reduction in cellular viability was observed after DPI treatments, although the percentage of viable cells remained >80% with 2.5 to 10 μM DPI for 24 h treatment in both cell lines. However, a significant decrease in cell numbers was observed with all concentrations of DPI, ranging from 2.5 to 40 μM, in DPItreated cells. Requirement of p53/p21 signaling for DPI-induced G 0 /G 1 arrest. As mentioned above, the reduction of cell numbers by DPI seemed to be due to inhibition of cell cycle progression, rather than to an increase of cell death. To further examine the inhibition of cell proliferation by DPI, we investigated the effect of DPI on cell cycle progression in serum-starved cells using flow cytometry with PI staining. Representative flow cytometric experiments are shown in Fig. 2A and B. The percentage of cells synchronized in G 0 /G 1 was >70% upon 48 h serum starvation. Both cell lines entered S phase ~8 h after serum stimulation, with the minimum percentage of cells in G 0 /G 1 phase observed at 18 h (data not shown). When both cell lines were treated with DPI, cells were unable to progress into the S phase.
Although DPI can decrease the cellular generation of ROS, previous studies regarding this activity have been controversial. Indeed, both inhibition (10) and stimulation (28-30) of ROS generation have been reported. Recently, we also showed that DPI significantly induces ROS-independent p53 expression in human RPE cells (18). In parallel, DPI did not induce ROS generation in either HCT-116 or HL-60 cells (data not shown). Therefore, we assessed whether DPI could increase the expression of p53 in HCT-116 cells. Analysis of the expression of p53/p21 in untreated cells revealed that the expression of p53 was unchanged while p21 expression was decreased 6 h after serum stimulation (Fig. 2C) . However, DPI significantly increased p53 expression in HCT-116 cells. In addition, DPI also induced the accumulation of p21 in both cell types (Fig. 2C) .
Interestingly, in contrast to DPI, the specific NADPH oxidase inhibitor apocynin did not have any inhibitory and enhancing effects on cell cycle progression and expression of p53, respectively, in quiescent HCT-116 cells (Fig. 3) .
Next, to evaluate the role of p53/p21 proteins in the inhibition of cell cycle progression, we used siRNA to knockdown p53 or p21 in HCT-116. HCT-116 cells were transfected with p53, p21 or a nonspecific control siRNA duplex and then serum-starved for 48 h; the cells were then incubated with 10 μM DPI or vehicle for another 24 h. Transfection with the control siRNA duplex did not significantly affect p53/p21 protein levels relative to untransfected controls (data not shown). DPI-induced p53/ p21 upregulation was completely blocked by transfection with the respective siRNA and knockdown of p53 expression also significantly impaired p21 upregulation by DPI (Fig. 4) .
To confirm the effect of p53/p21 gene silencing on DPIinduced G 0 /G 1 arrest, we next analyzed the distribution of cell cycle using flow cytometry. As shown in Fig. 4B and C, p53 or p21 siRNA transfection prevented the inhibition of cell cycle progression by DPI; however, the transition from G 1 to S phase was more efficient with p53 siRNA than with p21 siRNA.
Reversible cell cycle inhibition by release of DPI.
To further investigate the role of p53/p21 signaling in the inhibition of cell cycle progression by DPI, both cell lines were serumstarved for 48 h and then incubated in complete medium with 10 μM DPI. After 1 h incubation, cells were released from DPI treatment by washing with regular culture medium without DPI. Cells were continuously incubated in complete media without DPI and were harvested at the indicated times for cell cycle and protein expression analyses (Fig. 5) . Cells released from DPI showed transient G 0 /G 1 arrest until 12 h after release and then progressed into S phase ( Fig. 5A and B) , although much greater fraction cells arrested in G 0 /G 1 was observed in HL-60 cells than in HCT-116 cells at 24 h after brief exposure of DPI. Consistent with the results of cell cycle progression after release from DPI, dynamic expression of p21, including transient upregulation and then marked reduction, was detected in DPI-released both cells. Whereas the expression of p53 was not changed by brief exposure to DPI in HCT-116 cells.
Cyclin D1 in G 0 /G 1 arrest by DPI. Cyclin D1 is known to regulate several cyclin-dependent kinases required for cell cycle progression, including for transition from G 0 to G 1 or from G 1 to S phase (31, 32) . In our study, cyclin D1 expression was significantly elevated 6 h after serum stimulation in DPIuntreated HCT-116 cells and was also increased with some delay in DPI-treated cells (Fig. 2C) . Moreover, the fluctuating expression of cyclin D1 was not affected by brief exposure to DPI in HCT-116 cells. In contrast, treatment of HL-60 cells with DPI significantly impaired cyclin D1 upregulation by serum stimulation (Fig. 2C) . Interestingly, as shown in Fig. 5C , the inhibition of cyclin D1 upregulation by DPI was also irreversible in HL-60 cells. Influence of DPI-mediated ERK activation on the expression of p21 and cyclin D1. In order to establish whether MAPK signaling pathway plays a role in the expression of proteins involved in DPI-induced G 0 /G 1 arrest, activation of classical MAPK (JNK, p38 and ERK1/2) signaling pathways was examined after DPI treatment. In our study, MAPKs were not significantly changed in HCT-116 cells as well as JNK and p38 in HL-60 cells by DPI treatment (data not shown). However, the expression of p-ERK was significantly increased by DPI treatment in HL-60 cells, and DPI-induced p21 upregulation was also impaired by ERK inhibitor, U0126. However, cotreatment of DPI and ERK inhibitor showed synergetic effect on inhibition of cyclin D1 expression compared with DPI alone (Fig. 6 ).
Discussion
The nonspecific flavoenzyme inhibitor, DPI, has potent antiproliferative activity in a variety of cell types (16, 33, 34) . Many anticancer strategies that inhibit cell proliferation by blocking cell cycle progression have been used in clinical application for anticancer treatments (35), we tested the possible use of DPI as an anticancer drug in many cancer cell types. In most of the cancer cells tested, such as prostate, colon, leukemia and breast cancer cells, cell proliferation was potently inhibited (data not shown). Among these cancer cells, two cell lines, HL-60 (null p53) and HCT-116 (wild-type p53) cancer cells, exhibited differential patterns of regulation of cell cycle regulatory factors induced by DPI.
Generally, the cyclin-dependent kinase inhibitor, p21, is known to mediate cell cycle arrest in a p53-dependent or -independent manner (36) (37) (38) . In this study, remarkable induction of p21 was observed at early time points of DPI treatment in both cancer cell lines and p53 expression was increased by DPI in HCT-116 cells. To investigate the role of p53 in G 0 /G 1 arrest and p21 upregulation by DPI treatment, knockdown of p53 expression by siRNA transfection significantly impaired DPI-induced p21 upregulation, permitting transition from G 0 /G 1 to S phase in HCT-116 cells. Transfection of p21 siRNA with DPI treatment increased the progression into S phase compared with treatment of DPI alone; however transfection of p53 siRNA allowed more efficient transition into S phase. These results suggest that the upregulation of p53 is the main regulator of inhibition of cell cycle progression by DPI in HCT-116 cells and that G 0 /G 1 arrest by DPI requires an additional downstream factor regulated by p53 in addition to the upregulation of p21. Interestingly, brief exposure to DPI resulted in no change in the expression of p53, but transient upregulation of p21 and G 0 /G 1 arrest; that is, the upregulation of p53 by DPI was associated with maintaining G 0 /G 1 arrest and p21 upregulation rather than with their initiation in HCT-116 cells. However, further studies are needed to determine whether p53 was related to stabilization of p21 expression or to secondary regulation of the p21 transcript level after its initial induction. Ordinarily, p53 is known to activate p21 at the transcriptional level (36) .
DPI has frequently been used to inhibit ROS production mediated by various flavoenzymes (2, 39, 40) . In our study, DPI treatment showed significant inhibition of ROS generation in normal cells and complete inhibition of ROS production by serum stimulation in quiescent cells (data not shown). The spontaneous cleavage product of DPI, a benzene radical, combines with the flavin semiquinone, resulting in covalent modification of redox proteins containing the flavin moiety and irreversible inactivation of many redox-active proteins, including flavoenzymes (6, 8) . Cyclin D1 function is known to be important in redox regulation of cell cycle re-entry (41), and DPI remarkably inhibited the induction of cyclin D1 needed for cell cycle re-entry through inhibition of Nox activity (16) . We showed that DPI significantly impaired cyclin D1 upregulation by serum stimulation and downregulation of cyclin D1 by DPI was also irreversible in HL-60 cells. However, in HCT-116 cells, cyclin D1 expression was not significantly affected by DPI treatment. In addition, a greater fraction of G 0 /G 1 phase was observed in HL-60 cells than HCT-116 cells after release from DPI. These results suggest that cyclin D1 is an important regulatory factor for the inhibition of cell cycle progression by DPI in HL-60 cells and that the irreversible fraction of HL-60 cells arrested in G 0 /G 1 by brief exposure to DPI might be caused by an irreversible decrease of cyclin D1. Irreversible inactivation of certain flavoenzymes might be the reason for the cyclin D1 downregulation.
MAPK signaling pathways control the cell growth and survival of broad range. ERK signaling pathways have been reported to regulate p21 expression at transcriptional or post-transcriptional level (42) . Moreover, ERK signaling pathways along with p38 have been known to cooperate to induce p21 expression for G 1 cell cycle arrest (43) . In this study, we demonstrate that DPI induced upregulation of p21 and downregulation of cyclin D1 are regulated by two distinct mechanisms such as ERK-mediated and ERKindependent regulation, respectively, in HL-60 cells. Generally, activation of ERK1/2 is required for cyclin D1 transcription in most cell types (44) . Concomitant with these results, inhibition of ERK activation relieved the expression of cyclin D1 in HL-60 cells. Thus, the decrease in cyclin D1 despite of ERK activation in DPI-treated cells suggest that unlike p21, regulation of cyclin D1 expression is independent of ERK signaling pathway. However, unlike HL-60 cells, the MAPK signaling pathways are not significantly changed in HCT-116 cells undergo G 0 /G 1 arrest by DPI treatment.
In conclusion, our results demonstrate that DPI can block the transition from G 0 /G 1 to S phase accompanied by induction Figure 6 . Involvement of ERK activation in DPI-stimulated p21 and cyclin D1 expression. HL-60 cells were pretreated with U0126 for 30 min and then incubated with 10 μM DPI for 24 h. Whole cell extracts were analyzed by Western blot analysis using corresponding antibodies. of p21 and that upregulation of p53 sustain G 0 /G 1 cell cycle arrest and upregulation of p21 by DPI in HCT-116 cells. In HL-60 cells, inhibition of cell cycle progression by DPI is achieved through the cooperation of cyclin D1 downregulation and p53-independent upregulation of p21.
